We propose a novel experimental setup for the determination of the leptonic CP-violating phase δ using the decay at rest (DAR) of µ + from a single source located at distances of 10 and 30 km from two 20 kton organic liquid scintillator detectors. The µ + are created by bombarding a target with a 9 mA beam of 800 MeV protons. With this proposal δ can be determined with a precision of about 20 (15) degrees in 6 (12) years. In contrast with the DAEδALUS project, only a single source is required and it runs with a duty factor of 100%. Therefore 9 mA is the maximum instanteous current, greatly reducing both the technological challenges and the costs.
The CP violation in the standard model is not sufficient to explain the observed matter-antimatter asymmetry. In many models this asymmetry is caused by CP violation in the leptonic sector, whose simplest origin is the unique phase δ which arises for Dirac neutrinos. So far the value of δ is entirely unknown, however in the next decade the experiments NOνA and T2K will have some sensitivity to sin(δ), although they will not be able to distinguish δ from π − δ [1, 2] . Future proposals in general are expensive and depend on unproven technology, such as the scalability of liquid argon detectors and the control of excitations of H + 2 ions. Our proposal will yield a 20 (15) degree precision measurement of δ in 6 (12) years using technology not far beyond the current state of the art and at a much lower cost than its competitors.
A cyclotron complex, consisting of a pair of cyclotrons, will accelerate protons to 800 MeV which then strike a target, producing π + that decay at rest. The resulting µ + will in turn decay at rest creating ν µ that then oscillate to ν e . These ν e are detected via inverse β decay by two organic liquid scintillator detectors, each with a target mass of 20 kton and consisting of 12% free protons, located 10 and 30 km from the complex. Our proposal requires a maximum instantaneous proton current which is appreciably lower than that required by the DAEδALUS experiment, greatly reducing the technological requirements on the cyclotrons.
As has been proposed in Ref. [4] , such a pair of detectors may be employed by the JUNO [5] and RENO 50 [6] experiments to determine the neutrino mass hierarchy using reactor neutrinos. The employment of a pair of detectors eliminates the loss of sensitivity to mass hierarchy which would otherwise result from the detector's unknown nonlinear energy response. The mass hierarchy and CP violation experiments may be performed simultaneously.
The manifestation of the DAEδALUS proposal in Ref. [3] and the variations which have since been proposed [7, 8] each require three cyclotron pairs, each of which costs at least 25 to 100 million dollars [8] . Thus our proposal, with a single complex, represents a significant savings. The liquid scintillator detectors cannot determine the angle from which the neutrinos arrived and the beams are not pulsed, therefore only one cyclotron may run at a time. This is particularly problematic as these proposals are always statistics limited, even when the detector is as large as hyperK [8] . Thus our proposal, with a single µ + source, enjoys the same neutrino flux as would a proposal with three sources. In fact the signal is doubled as both detectors run simultaneously. Moreover, the precision can be improved by running the experiment for longer, by increasing the target mass or, if more funds become available, by adding more cyclotron complexes close to the original complex, so that they may run simultaneously.
The determination of δ using µ + decay at rest has several advantages. For one, the expected neutrino spectrum is known precisely. Second, in the window between 20 MeV and 55 MeV the ν e backgrounds are extremely low and, as the detectors in our proposal are liquid scintillators, there is no invisible muon background. Third, as this energy range is distinct from the 2-8 MeV energy range of the reactor neutrinos used by these experiments to determine the mass hierarchy, the reactor and µ + decay at rest experiments may run simultaneously. Finally, this determination uses antineutrino oscillations, which have maximum synergy with accelera- tor experiments like T2K, NOνA and LBNE that enjoy better statistics in the neutrino oscillation channel. More precisely, by comparing the two channels one can remove the degeneracy between δ, which can be extracted from the difference between the appearance in the neutrino and antineutrino channels, and a combination of θ 23 and θ 13 , which increases the appearance in both channels simultaneously and so can be extracted from the sum of the appearance rates. We will leave a computation of the combined sensitivity of this proposal with an accelerator experiment to future work.
In the calculations below we have fixed the normalization of the number of IBD events such that, with δ = 0, at 10 km a 20 kton target mass detector, consisting of 12% free protons, will observe 350 events in 6 years. Scaling the µ + decay rate at LSND [9] , this corresponds to about 45 MW years of power using a 800 MeV proton beam, or equivalently 1.8 × 10
6 C of protons. For example, for a 6 year run one would require a constant current of 9 mA. The critical advantage of our proposal is that the proton beam runs with a duty factor of essentially 100%, so 9 mA is not only the average current, but also the peak current. This is a factor of 4 less than the peak current required in phase two of DAEδALUS [3, 10] , greatly reducing the technological requirements on the cyclotron. For example, the cyclotron proposed in Ref. [11] would be sufficient. For simplicity below we will assume a constant current of 9 mA and report the number of years of running. However our results can easily be generalized to different currents and target masses by simply linearly scaling the livetime.
As explained in Ref. [8] 
In our simulations we have restricted our attention to the normal neutrino mass hierarchy, corresponding to the assumption that the hierarchy will be known before this experiment takes place. Similarly we considered only the tree level IBD cross section and ignored neutron recoil. While these effects do need to be considered in the fitting of δ in the true experiment, their inclusion in the simulation and fitting procedure would not significantly affect the precision with which δ can be determined. However we have included matter effects as the neutrinos travel through the Earth.
We fix the neutrino mass differences to be
and the neutrino mass mixing angles to be sin 2 (2θ 13 ) = 0.089, sin 2 (2θ 12 ) = 0.857, sin 2 (θ 23 ) = 1 2 .
The expected spectra at the near (10 km) and far (30 km) detectors after a 6 year run are plotted in Fig. 1 
• and 270
• . Note that the differences in shape of the spectra are fairly small, but that the energy resolution of a liquid scintillator detector is quite good in this energy range. In fact JUNO and RENO 50, in part because of the density and quality of their PMTs, are expected to have an energy resolution as much as a factor of two better than LENA. We used a somewhat conservative fractional energy resolution
We determine the 1σ precision with which these experiments may determine δ using a Poissonstatistics χ 2 fit to the Asimov data set. In Fig. 2 we report this precision for 6 and 12 years of running. In this figure we assume that the mixing angles are known perfectly and we consider both the case in which the flux normalization is known perfectly and also an uncertainty in the flux normalization of 5%, which is treated using the standard pull parameter method of Ref. [12] . To test these results we have also performed a series of Monte Carlo simulations for each mixing angle. The results of our Monte Carlo are compatible with those of the χ 2 analysis presented in Fig. 2 .
Of course the mixing angles will not be known perfectly. In Fig. 3 we include uncertainties in the mixing angles corresponding to the current uncertainties δsin 2 (2θ 12 ) = 0.024, δsin 2 (2θ 13 ) = 0.01
and also with uncertainties expected when experiments currently running are finished
δsin(θ 23 ) = 0.02. To understand the relevant contributions of the uncertainties from the different mixing angles, in Fig. 4 we have fixed all of the angles except for one, to which we have applied the current and future uncertainties. The main contribution to the uncertainty comes from a single combination of θ 13 and θ 23 , this degeneracy will be broken by combining data from µ + decay at rest with the neutrino appearance channel from accelerator experiments.
Our main result is Fig. 3 . As can be seen, a single cyclotron complex, producing antineutrinos using µ + decay at rest, can determine δ with a precision of 20 (15) degrees in 6 (12) years using detectors that may anyway be built for reactor neutrino experiments. Backgrounds are expected to be small in this energy range and studies of such experiments [8] have consistently shown, albeit with 3 cyclotron complexes, that systematic errors are extremely small. Nonetheless in a subsequent publication we will examine the effects of these systematic errors and backgrounds as well as an optimization of the location of the cyclotron complex.
In Refs. [1, 2] it was noted that off axis accelerator experiments designed to measure δ have relatively monochromatic beams and so are sensitive primar- Fig. 3 except that all of the mixing angles are fixed except for θ12 (top), θ13 (middle) and θ23 (bottom). Note that the error in θ12 has essentially no effect on the precision with which δ can be determined.
ily to the flux at the oscillation maximum, which depends only upon sin(δ) and so cannot distinguish δ from 180 • − δ. On the other hand, the muon decay at rest spectrum is far from monochromatic and so there is no such degeneracy in the δ determined by such experiments. This can be seen in Fig. 5 where χ 2 is plotted as a function of the δ in the fitting function, the degeneracy would correspond to a local minimum at the 180
• minus the true value of δ. No such minimum is present in the figures. • (blue) and 270
• (green). The reported values of χ 2 correspond to fits of 6 years of data to various values of δ assuming a 5% uncertainty in the normalization and the current (top panel) and future (bottom panel) uncertainties in the mixing angles. Note that there is essentially no degeneracy between δ and 180
• − δ.
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